Drought is a crucial environmental constraint limiting crop production in many parts of the world. microRNA (miRNA) based gene regulation has been shown to act in several pathways, including crop response to drought stress. Sequence based profiling and computational analysis have revealed hundreds of miRNAs and their potential targets in different plant species under various stress conditions, but few have been biologically verified. In this study, 11 candidate miRNAs were tested for their expression profiles in barley. Differences in accumulation of only four miRNAs (Ath-miR169b, Osa-miR1432, Hv-miRx5 and Hv-miR166b/c) were observed between drought-treated and well-watered barley in four genotypes. miRNA targets were predicted using degradome analysis of two, different genotypes, and genotype-specific target cleavage was observed. Inverse correlation of mature miRNA accumulation with miRNA target transcripts was also genotype dependent under drought treatment. Droughtresponsive miRNAs accumulated predominantly in mesophyll tissues. Our results demonstrate genotype-specific miRNA regulation under drought stress and evidence for their role in mediating expression of target genes for abiotic stress response in barley.
INTRODUCTION
In many regions of the world, crop production is constrained by prolonged dry conditions. Declining water resources and increased variation in rainfall will require the development of climate-resilient crop varieties. One of the visions of plant stress research is to provide genetic loci as targets for enhancing stress tolerance in crop plants. A key step in the development of stress tolerant crop varieties will be understanding of the function of stress-responsive genes. Improved understanding of gene regulation during stress could aid the development of genomic tools (Langridge & Reynolds 2015) . One of the central molecules for naturally occurring regulation of gene transcription is microRNA (miRNA). miRNAs are non-coding transcripts of 18-21 nucleotides (nt) in length. Generally, plant miRNAs function in a sequence specific mode to target mRNAs based on complementary base pairing, leading to cleavage of the target mRNA (Lee et al. 1993; Reinhart et al. 2002) and it has been suggested that miRNAs play a regulatory role in activating stress defence or response gene networks (Zhu 2002) .
The identification of miRNAs is an essential precursor to understanding and quantifying their roles in regulating mRNA. Large-scale bioinformatic analysis has enabled miRNA discovery in plants such as Arabidopsis, Medicago, Brachypodium and, more recently, crop plants like rice, maize, wheat and barley According to miRBase (miRBase v. 20; Kozomara & Griffiths-Jones 2014) , to date 7385 mature miRNA sequences from 72 plant species have been identified. Families of miRNAs may be conserved between species and taxa but unique miRNAs have also been discovered in each species analysed (Schreiber et al. 2011) . Although many miRNAs have been identified, the regulation of miRNA expression is still poorly understood and the existence of multiple isoforms of mature miRNAs generated from a single miRNA locus complicates analysis and, hence, understanding of miRNAs' functional relevance (reviewed in Budak et al. 2015) .
The quantification of mature miRNA expression is difficult because of their short length and absence of common sequence features (e.g. polyA) (Benes & Castoldi 2010) . Some mature miRNAs are difficult to distinguish as they differ by as few as one or two nucleotides and technical limitations may hinder discovery when protocols are unable to distinguish between mature miRNAs and their precursors (Li et al. 2014) , or closely related miRNAs that are very similar in sequence (Balcells et al. 2011) . Thus expression of an abundant miRNA may mask the expression of a low abundance or very similar miRNA. Stem-loop qRT-PCR has proven a reliable technique for the detection of mature miRNAs (Chen et al. 2005; Varkonyi-Gasic et al. 2007; Shen et al. 2014) , although the limitation of this technique is that it requires a separate reverse transcription (RT) reaction for each miRNA.
A key objective of miRNA expression profiling is to identify and validate the miRNA's target mRNAs, but this can be challenging if it depends solely on predictions using computational approaches. In plants, miRNA regulated gene expression occurs by target mRNA cleavage (Baumberger & Baulcombe 2005; Jones-Rhoades et al. 2006) or by inhibition of target mRNA translation (Gu & Kay 2010; Vazquez et al. 2010) . miRNA directed mRNA cleavage occurs when there is perfect or near perfect Watson-Crick complementary pairing between the miRNA and target mRNA (Zhang et al. 2006; Krol et al. 2010) . However, perfect pairing between the miRNA and the target is neither obvious nor sufficient for the miRNA: target interaction (Brennecke et al. 2005; Witkos et al. 2011; Künne et al. 2014) .
The prediction of miRNA targets using computational programmes based on sequence alignment has been used frequently. There are a variety of important parameters for in silico prediction including alignment score, maximum score, number of consecutive mismatches, number of G:U wobble pairing and number of gaps (Zhang et al. 2006; Xie & Zhang 2010; Dehury et al. 2013) . Upon base-pairing, miRNA guided mRNA cleavage occurs at its site opposite the 5′ end at the 10th and 11th positions of the miRNA (Huntzinger & Izaurralde 2011) . Using these parameters, the in silico prediction of targets, followed by validation using a sequenced small RNA library of degraded transcripts (degradome analysis) helps to shortlist the candidate target genes. It is worth mentioning that the targets of miRNAs may not be conserved across different plants species, although miRNAs are (Lu et al. 2005) . Therefore, the targets of miRNAs need to be validated in individual plant species.
Despite technical hurdles to miRNA functional analysis, there is a growing body of evidence that alteration of miRNA accumulation plays an important role in reprogramming plant responses to biotic and abiotic stresses (Berger et al. 2009; Hackenberg et al. 2013) . Drought stress has been revealed to alter the expression of many miRNAs. For example, differential expression of miR398a/b under drought was observed in Medicago truncatula in two different studies (Trindade et al. 2010; Wang et al. 2011) . Members of the miRNA family miR319 were also found to be differently expressed under drought stress in rice (Zhou et al. 2010) . miR166 was upregulated in drought-stressed barley (Kantar et al. 2010 ) and down-regulated in wild emmer wheat (Kantar et al. 2011) ; miR171 was induced in barley (Kantar et al. 2010) and reduced in wheat (Kantar et al. 2011 ) under drought shock. The differential miRNA abundances under drought revealed in these studies suggest a role for miRNAs in reprogramming plant responses to drought stress, and differential miRNA expression may govern the fine tuning and control of stress signalling (Gutierrez et al. 2009 ).
Barley is not only an economically important crop, but is also well known for its genotypic variability under adverse conditions. Hence, it is an excellent model plant to study drought response and to identify and analyse functions of drought responsive miRNAs. Although deep-sequencing technology has extended the discovery of barley miRNAs (Schreiber et al. 2011; Hackenberg et al. 2015) , only a limited number of studies have investigated miRNAs in barley under drought stress (Kantar et al. 2010; Hackenberg et al. 2015) . It is often not clear which mature miRNAs are truly drought responsive and what is the mode of function of these miRNAs to regulate their target gene(s). Information about the spatial patterns of drought responsive mature miRNAs and their targets could help our understanding of the molecular events involved in the drought stress response. If miRNAs are to be used in enhancing the drought tolerance of crop plants, we need to establish both function and evidence for genetic variation in their expression. Therefore, our aims in this study were to evaluate drought responsive miRNA expression in different barley genotypes under drought, to identify and validate the target genes, and to determine the cellular localization of important drought responsive miRNAs and their targets. We validated miRNAs associated with drought response in four genotypes (Hordeum vulgare L. 'Commander', 'Fleet', 'Hindmarsh' and breeding line WI4304) that showed similar performance in drought prone areas of Australia (Fettell 2011; Coventry et al. 2012) . We predicted potential miRNA targets using degradome libraries and validated both the predicted drought-responsive miRNAs and their targets using qRT-PCR. In situ RT-PCR (ISRT-PCR) was performed to localize expression of selected miRNAs and their targets. Identifying miRNAs associated with drought response and recognizing their targets in different barley genotypes could help determine the potential contribution of miRNAs for the varietal selection of stress tolerant crop plants.
MATERIALS AND METHODS

Plant materials and drought treatment
Plants were grown in a growth chamber maintained at 23°C day and 18°C night temperatures, 12 h/12 h light/dark photoperiod, 450 μmol m À2 s À1 Photosynthetically Active Radiation and 60% Relative Humidity. Seeds were germinated on petri dishes and seedlings that germinated at the same time and were of the same physiological stage were transplanted to pots. Twenty four pots were used where each pot contained four plants, one each of Hordeum vulgare L. cvs. 'Commander', 'Fleet', 'Hindmarsh' and breeding line WI4304, to minimize the inter pot variation. Three weeks after transplanting half the pots were subjected to drought treatment of À6 bar soil water potential, while control pots were maintained at À2.5 bar, with watering to weight for a further six weeks. The interaction between treatment and development was significant so that well-watered plants reached maturity faster (47.5 d ± 1) than drought-treated plants (57.8 d ± 1) (Supporting Information Fig. S1 ) so samples were collected at a defined, physiological stage (booting) from each plant. The flag leaf was harvested from the drought-stressed and well-watered plants of five replicates and immediately frozen in liquid nitrogen and stored at À80°C. From 12 plants in each treatment per genotype, two fully expanded mature leaves (per plant) were sampled to record the leaf water potential (LWP) and the relative water content (RWC), respectively, for no more than 2 h at and after solar noon. There were no significant differences in the dry weights of mature, sampled leaves between genotypes or treatments. The fresh weights of sampled leaves differed with treatment with drought-treated leaves weighing less, but there were no significant differences between the genotypes within a treatment (Supporting Information Fig. S2 ).
Leaf water potential measurement LWP was measured using a pressure chamber (Scholander Pressure Chamber Model 3000) and the method of Boyer (1967) . A fully expanded, mature leaf was cut and placed immediately through the chamber lid with the cut end of the leaf outside and the remaining part of the leaf inside the chamber. Pressure was increased slowly. A magnifying glass was used to observe the cut end of the leaf. As soon as a drop of sap appeared from the cut end of the leaf sample, the pressure shown on the chamber gauge was recorded as a measure of the LWP (Boyer 1967) .
Relative water content measurement
RWC was determined by the method of Barrs & Weatherley (1962) . The mid-leaf section of a fully expanded leaf was weighed to determine fresh weight (FW). Then samples were re-hydrated overnight and the turgid weight was (TW) recorded. Samples were oven dried at 80°C for 24 h and weighed to determine dry weight (DW). RWC (%) was calculated using the formula [(FW À DW) / (TW À DW)] × 100.
Primer designs
The selection of miRNAs used in this study was based on barley miRNAs identified by Kantar et al. (2010) , Schreiber et al. (2011 ), Hackenberg et al. (2012 and Hackenberg et al. (2015) . Selected miRNAs had previously been shown to be differential expressed under drought in leaves or shoots of different species including barley (Hv-miR166b/c, Ath-miR169b, Osa-miR393a, Hv-miR444b, Hv-miR5048a, Hv-miR171), Medicago truncatula, Oryza sativa, Prunus persica, Populus euphratica and Triticum turgidum ssp. dicoccoides (reviewed in Ferdous et al. 2015a ) except Hv-miRx5 and Ata-miR9863a. Stem-loop reverse transcription (RT) primers were used for cDNA synthesis from mature miRNAs. Primer sequences and miRNA identities are given in Table 1 . miRNA specific stem-loop RT primers, and forward and reverse primers for individual miRNAs were designed following the method established by Chen et al. (2005) and refined by Varkonyi-Gasic et al. (2007) where the last 3′ six nt of a miRNA sequence was used as the antisense overhang, and the miRNA specific forward primer was designed to contain the remaining 5′ sequences (normally 13-15 nt from the 5′ end of the specific miRNA). We considered up to three nucleotides of these remaining 5′ sequences which were not contained by the forward primer and were used as the signature nucleotides to verify the respective miRNA by sequencing. For quantification of mRNA targets in the same RNA samples, primers were designed to span the target site; that is, including the miRNA: target pairing region and primers were NFY-A: forward: 5′ CATCACGGTCACCATCTC 3′ and reverse: 5′ ATCTCTGAAGTCCTAACACG 3′; and EF hand containing transcript: forward: 5′ ATATCACCACAAGCGT TCAC 3′ and reverse 5′ GAGCGAGATCAGGAGAGAC 3′. Primer efficiencies and unique products were confirmed by a single, distinct peak in melt curve analysis (Supporting Information Fig. S3 ).
miRNA and target mRNA analyses using qRT-PCR Total RNA was extracted from leaves using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. To remove genomic DNA contamination, RNA samples were treated with DNA-free ™ (Ambion, Life
Technologies, Grand Island, NY, USA) twice according to the manufacturer's instructions. The concentration and integrity of the DNase treated RNA were measured with an Agilent-2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The RNA integrity number (RIN) was higher than 6 for all samples. One microgram total RNA from each sample was reverse transcribed to cDNA using SuperScript® III RT (Life Technologies, Carlsbad, CA, USA) and gene specific primers (Table 1) . cDNA synthesis for miRNAs was carried out following the method described by Varkonyi-Gasic et al. (2007) We used up to six stem-loop primers [1 μl of miRNA specific stem-loop RT primer each (1 μM)] in one RT reaction. The RT reaction also contained 10 μM of anti-sense primers for internal controls (Ferdous et al. 2015b) . Gene specific primers were also used for target cDNA synthesis using SuperScript® III RT (Life Technologies, Carlsbad, CA, USA) and following the manufacturer's instructions for the RT reaction.
miRNA and target qRT-PCR assays were carried out exactly as in Ferdous et al. (2015b) using the RG6000 Rotor-Gene realtime thermal cycler (Qiagen, Valencia, CA, USA ) with 2 min at 95°C, followed by 50 cycles of 1 s at 95°C, 1 s at 60°C, 25 s at 72°C, and fluorescence acquisition at 72°C. Five independent plants were used for each treatment per genotype with three technical replicates per biological replicate.
miRNA qRT-PCR products were sequenced using M13 reverse primers following the method described by Ferdous et al. (2015b) to verify signature nucleotide(s) (Supporting Information Fig. S4 ). qRT-PCR amplicons of uncleaved targets were also verified in each genotype by Sanger sequencing.
Statistical design and analysis
A split-plot design was used where pots were the main plots, and each pot was divided into four quadrants to give four subplots (Supporting Information Fig. S5 ). The experiment involved 24 pots arranged in four rows by six columns to give a total of 96 plants. The watering conditions were assigned to the pots using two 6 × 6 Latin squares. An analysis of variance was performed on all data variables. The blocking structure of the analyses (excluding qRT-PCR data), derived from the design, was (Rows × (PairsColumns / WithinColumns)) / Quadrants. For the qRT-PCR data, five replicates were used, and the only blocking structure included in the analysis was pot miRNA expression under drought in barley 13 Table 1 . number. This accounted for variability between pots and similarities between qRT-PCR materials from quadrants of the same pot. The overall significance tests used an F teststatistic, and tests for significance between means were conducted using a least significant difference (LSD) value at the 5% significance level.
Target prediction and validation by degradome analysis
Target prediction of the drought responsive miRNAs was first conducted in silico. We searched the miRNA sequences against an RNA sequencing dataset from 16 tissues and growth stages in barley from the James Hutton Institute (unpublished data) and from Ensembl Plants using psRNATarget (‵http:// plantgrn.noble.org/psRNATarget/) and the parameters Dehury et al. (2013) were (1) Two barley degradome libraries were analysed: one from the cv. 'Golden Promise' was described by Hackenberg et al. (2015) and an additional cv. 'Pallas' was also used. Sequencing libraries were prepared from the pooled samples of leaves and roots of well-watered and drought-treated plants according to the method described by Addo-Quaye et al. (2008) . RNAs were first isolated using the Oligotex Kit (Qiagen, Santa Clarita, CA, USA) then ligated with a 5′ RNA adaptor containing a MmeI restriction site using T4 RNA ligase. After reverse transcription of the ligated products, second-strand synthesis and MmeI digestion, ligation of a 3′ dsDNA adaptor and gel-purification, the cDNAs were amplified by PCR and sequenced on the Illumina HiSeq platform.
To validate the targets, degradome sequence reads were mapped to the target RNA sequences using Biokanga v3.4.3 (‵http://sourceforge.net/projects/biokanga/) with default parameters set to obtain all perfect alignments to the cleavage product starting at the canonical (10-11 nucleotide) positions of the miRNAs. We allowed for a single nucleotide variation between varieties and 1 nt length difference between the degradome sequence and the reference mRNA sequence. The miRNAs of interest were also aligned to the reference mRNA sequences using BLAST+ v2.2.28 (Camacho et al. 2009 ). Integrative Genomics Viewer (IGV) (Robinson et al. 2011 ) was used to load the alignments for manual inspection.
In situ PCR
Transcript localization of miRNAs and targets was performed through in situ PCR in formalin-fixed paraffin-embedded (FFPE) leaf sections. Sample and reagent preparation were carried out combining the protocols described by Przybecki Athman et al. (2014) with some modifications. Flag leaf samples from drought and well-watered conditions were fixed with fresh FAA fixative. Samples were embedded in paraffin, and the Leica RM2265 Rotary Microtome (Leica Microsystems, North Ryde, Australia) was used for sectioning and subsequent treatments on slide. In situ reverse-transcription of miRNAs and targets was carried out in the DNase treated leaf sections using SuperScript® III RT (Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instruction except that the miRNA RT preparation and conditions were as described by Varkonyi-Gasic et al. (2007) . PCR was carried out using NEB Taq DNA Polymerase (New England Biolabs, Ipswich, MA, USA) with Standard Taq Buffer according to the manufacturer's instruction for a final volume of 60 μl, containing 4 μM final concentration of Digoxigenin-11-dUTP (Roche Diagnostics, Alameda, CA, USA) as an additional reagent. For the respective negative controls, the same primers and conditions were used using RNA as templates in the PCR reactions. PCR and post-PCR treatment were conducted as described by Athman et al. (2014) . Following colorimetric detection, the sections were mounted with ImmunoHistoMount ™ (Sigma-Aldrich, Castle Hill, NSW, Australia), dried and were visualized in the Zeiss Axio Imager M2 microscope (Carl Zeiss, Oberkochen, Germany) under bright field Illumination. The images were captured using the AxioCam ERc5s camera and retrieved using ZEN 2011 software (Carl Zeiss, Oberkochen, Germany) while the exposure time was adjusted to 100 ± 20 ms for each specimen. The details of the in situ PCR method are described in the Supporting Information (File S1).
RESULTS
Response of four barley genotypes to drought treatment
Two physiological parameters, leaf water potential (LWP) and leaf relative water content (RWC), were measured under drought treatment and in well-watered conditions. The LWP dropped significantly in all genotypes under drought (Fig. 1a) . Hindmarsh had higher RWC compared with the other three genotypes (Fig. 1b) .
qRT-PCR analysis of candidate drought responsive miRNAs in barley leaves
Quantification of 11 candidate mature miRNAs was performed in five biological replicates from each genotype. Among the 11 miRNAs, four miRNAs (Ath-miR169b, Osa-miR1432, Hv-miRx5 and Hv-miR166b/c) showed differential expression under drought. The homologous miRNA Ath-miR169b was significantly induced under drought in Hindmarsh and WI4304 (Fig. 2a) . The miRNA homologous to Osa-miR1432 was significantly down under drought in Commander, Fleet and Hindmarsh (Fig. 2b) . Two barley miRNAs, miRx5 (Fig. 2c ) and miR166b/c (Fig. 2d) were significantly reduced under drought only in Commander, but did not change between drought-treated and well-watered samples in the miRNA expression under drought in barley 15 other three genotypes. Three miRNAs Osa-miR393a (Fig. 2e) , Ata-miR9863 (Fig. 2f) and Bdi-miR396b (Fig. 2g) and two barley miRNAs Hv-miR5048 (Fig. 2h) and Hv-miR444b (Fig. 2i) did not show significant variation between well-watered and drought-treated plants in any of the four genotypes. There were no significant differences in expression detected for miR169n (a rice homologous miRNA) and miR171 (a barley miRNA) with drought treatment, and these two miRNAs had very low abundance in the leaf tissue of the genotypes used in this study (Fig. 2j,k) .
Drought responsive miRNA targets
We detected the putative targets of the 11 chosen miRNAs using RNA sequence data. We identified~400 putative target transcripts for 11 miRNAs (Supporting Information Table S1 ). The putative barley drought-responsive miRNA targets had a diverse range of functions (Supporting Information Table S1 ) and more than one target was predicted for each miRNA so that further experimental confirmation was required.
Among the predicted targets for the 11 miRNAs, we were able to obtain 15 target sequences for nine miRNAs that had cleavage products in the degradome libraries (Table 2) .
Degradome analysis demonstrated alignment positions consistent with miRNA directed cleavage of mRNA targets; that is, where the start of one or more degradome reads coincided preferentially with the canonical 5′ 10-11 nt cleavage site for the mature miRNA sequence (Fig. 3a,b ; Supporting Information Fig. S6 a-m ). An NFY-A encoding gene was cleaved by both Ath-miR169b and Osa-miR169n, and the cleavage products were obtained in libraries from both barley cvs. Golden Promise and Pallas. Interestingly, we observed a mismatch between the miRNA and the target at the seed region (the 5′ 2-8 nt of a miRNA) which was found in the genotype Pallas (Fig. 3a and Supporting Information Fig. S6 e) . An mRNA encoding a Calmodulin-related (EF hand containing) calcium sensor protein appeared to be cleaved by OsamiR1432 in Golden Promise (Fig. 3b) . The cleavage products of mRNAs from four genes encoding homeobox START and MEKHLA domain containing proteins were the apparent targets of Hv-miR166b/c in Golden Promise. mRNAs from two genes encoding LRR domain containing F box proteins showed Osa-miR393a mediated cleavage products in both Golden Promise and Pallas. Cleavage products of mRNA targets for WRC and QLQ domain proteins were found for Bdi-miR 396b in Golden Promise and Pallas. An mRNA from a MADS box family gene was found to be targeted by Hv-miR444b both in Golden Promise and Pallas. However, the degradome product did not match the canonical site and was at the 5′ 19-20 nt position opposite to the miRNA suggesting that the miRNA-mediated cleavage sites may not have been limited to 10-11 nt position. Hv-miR5048a was found to cleave the transcript encoding a serine/threonine-protein kinase receptor in Golden Promise. mRNAs from two genes encoding NB-ARC domain containing protein were cleaved by Ata-miR9863 in both libraries. We did not identify any cleavage products aligned with either degradome library for the candidate targets of miR171. For miRx5 target validation, we obtained cleavage products aligned with miRx5's predicted target RGH1A, starting at the 5′ 5-6 nt position of the miRNA/target duplex, opposite to the miRNA in Golden Promise (Supporting Information Fig. S6 n) . This region was clearly the seed region of a miRNA. It was unlikely that target cleavage occurred on the opposite strand to the seed region of this miRNA. Moreover, the G:U wobble pairing at the 11 nt position between the miRx5 and its target might have obstructed target mRNA cleavage, thus we cannot rule out that this target might be incorrect and regulation may be via a non-cleavage mechanism, and/or this miRNA might have other as yet unknown targets.
Expression of potential target genes
The expression of miRNAs' targets was quantified by qRT-PCR with the expectation that the target's expression would be inversely correlated with expression of the miRNA. We found two miRNAs, miR169b and miR1432, that were differentially expressed under drought in at least two genotypes; hence we selected NFY-A and an EF-hand encoding transcript, the targets of miR169b and miR1432, respectively, for expression analysis. Expression of NFY-A was downregulated in all miRNA expression under drought in barley 17 four genotypes under drought (Fig. 4a) , although miR169b was only significantly induced in two genotypes, Hindmarsh and WI4304 (Fig. 2a) . The mRNA transcript encoding a Calmodulin-related (EF hand containing) calcium sensor protein showed an inverse correlation with miR1432 in the cv. Hindmarsh. However, we did not observe the inverse correlation of miR1432 and this target transcript in the other three genotypes (Fig. 4b) , although we identified the ideal alignment of the canonical cleavage products with this transcript in one of our degradome libraries (Fig. 3b) .
This observation led us to investigate the sequence of miR1432 binding site within the target transcript in the four genotypes, which revealed that in Commander, Fleet and WI4304, there was a G:U pair at position 12 nt, relative to the 5′-end of the miRNA of the miRNA: target duplex. However, in the genotype Hindmarsh, the sequence of miR1432 binding site within the target transcript had perfect complementarity with miR1432 and expression of the gene and miRNA were inversely correlated (Supporting Information Fig. S7 ).
Spatial accumulation of mature miRNAs and their targets by in situ RT-PCR (ISRT-PCR)
The spatial distribution of miRNAs and target co-localization were assessed by in situ labelling and microscopy. We selected miR169b and miR1432 and their targets for this study because these two miRNAs were differentially expressed under drought in at least two barley genotypes. Drought-treated and well-watered Hindmarsh flag leaf samples from booting stage were used for ISRT-PCR. As expected, higher accumulation of miR169b was observed in the drought-stressed leaf compared to the well-watered leaf (Fig. 5) . Inversely, NFY-A showed lower accumulation in the drought treated compared to the well-watered sample (Fig. 5) . This inverse correlation of miR169b and NFY-A was observed in the mesophyll tissues (Fig. 5) .
Weak accumulation of miR1432 was observed under drought compared to the well-watered sample (Fig. 6) ; while the target of miR1432, the EF-hand encoding transcript, showed higher accumulation in the drought treated compared with the well-watered sample (Fig. 6 ). miR1432 and its target were also located in mesophyll tissues (Fig. 6) . The in situ expression results for miR169b and miR1432 and the respective targets were consistent with our qRT-PCR results (Figs 2 and 4) .
DISCUSSION
Although miRNAs have diverse functions, and the regulatory roles of miRNAs are still not well understood, miRNA-based gene regulation has been implicated in several physiological pathways including drought stress response. In this study, the expression of 11 miRNAs in drought-stressed leaves was evaluated in four barley genotypes, Commander, Fleet, Hindmarsh and WI4304. Hindmarsh had a higher leaf water content under drought (and also in well-watered conditions) as compared to the other three genotypes (Fig. 1) . Although all four genotypes are known to perform well in dry areas in Australia, these differences of water status among the genotypes may indicate greater water loss or reduced water uptake and higher stress levels during experimental drought treatment in the leaves of Commander, Fleet and WI4304 than in Hindmarsh. Some of the miRNAs examined in our study showed different expression patterns compared to recent studies conducted in barley (Kantar et al. 2010; Hackenberg et al. 2015) . Hv-miR166 was more abundant under drought in barley leaves of Bűlbűl-89 (Kantar et al. 2010) , Golden Promise and WI4330 (Hackenberg et al. 2015) . In contrast, we found this miRNA was down under drought in one genotype, Commander, and was unchanged in the other three. Kantar et al. (2010) also found Hv-miR171 was upregulated in Bűlbűl-89 under drought stress, whereas it was not differentially abundant with drought in any of the genotypes we assayed. Hackenberg et al. (2015) found that homologous Osa-miR393a was down-regulated by drought in Golden Promise. However, we observed no significant differences in expression of this miRNA between the two watering conditions in any of our experimental genotypes (Fig. 2) .
Differential expression of miRNAs has been observed between sensitive and tolerant genotypes of cowpea (Barrera-Figueroa et al. 2011) , rice (Cheah et al. 2015) and durum wheat (Liu et al. 2015) under water deficit stress where, similarly, a small number of different genotypes was studied. The distinct behaviour of miRNAs reflected the variation in response to water limitation in these species; however we observed genotype-specific miRNA responses to water limitation in four barley genotypes with similar drought tolerance in terms of yield performance in field trials. A miRNA and its target mRNA need to be co-expressed in order for the miRNA to suppress the expression of its biological target (Kuhn et al. 2008) . The target mRNA encoding a calmodulin related calcium sensor protein, here, showed an inverse expression pattern compared to the miR1432 under drought in only one barley genotype, Hindmarsh. We observed perfect complementarity between the miRNA: target duplex in the genotype Hindmarsh (Supporting Information Fig. S7) , while there was a polymorphism in the DNA sequence of the other three genotypes which could explain the lack of complementarity and correlated expression of the miRNA: mRNA in these cultivars. This finding confirmed that miRNA-mediated target regulation varied between genotypes and suggested that this depended on miRNA: mRNA sequence-specific binding. Although some, single miRNA mediated mRNA cleavage products were aligned ideally with separate target sequences in degradome libraries from two different genotypes, Golden Promise and Pallas (Table 2) , for others (for Osa-miR1432, Hv-miR166b/c and Hv-miR5048a) the cleavage products were only obtained in Golden Promise, but not in Pallas, again suggesting genotype-specific target binding was important for miRNA-mediated regulation.
Nonetheless, we observed that the same transcript encoding NFY-A could be the target of both Ath-miR169b and Osa-miR169n in barley, although these two miRNAs differ at four nucleotides. Our result indicated that this target could still be cleaved by these miRNAs despite seed region mismatches ( Fig. 3a and Supporting Information Fig. S6e ). It has been suggested that there is the possibility of mismatch between the miRNA and the target in the seed region and, although seed region mismatches are uncommon, imperfect seed region pairing can be overcome by 3′ compensatory pairing (Witkos et al. 2011) . The compensatory pairing in the 3′ of miRNA could reduce the seed pairing requirement to as little as four base pairs (Brennecke et al. 2005; Künne et al. 2014) .
We found inversely correlated expression between Ath-miR169b and NFY-A (Figs 2a and 4a ) which was consistent with previous studies (Li et al. 2008; Zhao et al. 2011) . We observed up-regulation of Ath-miR169b in Hindmarsh and WI4304 under drought (Fig. 2a) and NFY-A was downregulated in all four barley genotypes under drought (Fig. 4a) so that the miRNA seed region match appeared to be less important than the genotypic target sequence for miRNAmediated cleavage, at least at this target. Nuclear factor Y (NFY), a CCAAT box-binding transcription factor, is composed of three subunits: NFY-A, NFY-B, and NFY-C (Baxevanis et al. 1995) . NFY family members are reported to play roles in the molecular control of flowering, seed development, photosynthesis and improved tolerance to abiotic stresses such as drought (Qu et al. 2015; references therein) . Although Ath-miR169b and NFY-A expression were inversely correlated in two genotypes under drought, there was no correlation with the abundance of Osa-miR169n that could also cleave NFY-A transcripts and no significant up-regulation of Ath-miR169b under drought in two of four genotypes. This suggested that NFY-A down-regulation under drought was mediated by multiple mechanisms including miR169b mediation. In Hindmarsh under drought conditions, both the up-regulated (miR169b) and down regulated (miR1432) mature miRNAs were observed in the mesophyll cells (Figs 5 and 6) . As expected the NFY-A and the calmodulin related calcium sensor transcripts were also found preferentially in the same cellular compartment in leaf tissue showing inverse expression compared with their regulatory miRNAs under drought (Figs 5 and 6 ). Information on the tissue localization of barley drought responsive miRNAs has not been reported previously. The differential expression of these miRNAs in the mesophyll cells under drought could provide useful information for further elucidating the role of these miRNAs under stress.
miRNAs that are down-regulated under drought are expected to have targets that are positive regulators of stress responses (Wei et al. 2009 ). In our study, miR1432 was significantly down under drought in three genotypes (Fig. 2b) . miR1432 was previously predicted to target the mRNAs of genes encoding EF-hand proteins in rice (Sunkar et al. 2008) . In our degradome library, we found miR1432 mediated cleavage products ideally aligned with the target transcript encoding a calmodulin related calcium sensor protein which has EF-hand domains, and the target cleavage occurring in the canonical cleavage site (Fig. 3b) . EF-hand domains contain a helix-loop-helix structural motif reported to bind with calcium (Ca 2+ ) (Cheng et al. 2002 ). It appears that miR1432 targets EF-hand domain containing transcripts and thus indirectly contributes to calcium signalling, a vital signalling mechanism involved in various physiological processes in plants (Ni et al. 2009 ). In our study, down-regulation of miR1432 under drought appeared to mediate increased expression of its target transcript localized in mesophyll cells (Fig. 6) . However, we observed up-regulation of this target transcript under drought only in Hindmarsh and not in the other three genotypes (Fig. 4b) underlining the importance of functional experimentation, rather than correlative studies, with both miRNAs and their targets for understanding their roles in regulation.
Despite the majority of cleavage products here being ideally derived from canonical cleavage, for the miR444b target, a MADS-box family gene conserved in monocots (Sunkar et al. 2005) , we observed that target cleavage might occur between the 19 th and 20 th nt position (opposite to the miRNA) in both Golden Promise and Pallas (Supporting Information  Fig. S6j ). This suggested that miRNA-mediated cleavage sites might not be limited to the 10-11 nt position. The possibility of non-canonical cleavage was previously suggested by Hackenberg et al. (2015) . However we were unable to find any other studies that showed target cleavage at the 19 th and 20 th nt position. MADS-box family mRNAs were reported to be targeted by miR444b in rice where the cleavage products were obtained from the canonical cleavage site (Sunkar et al. 2005) . Our results demonstrated that, although numerous targets were predicted for the examined drought responsive miRNAs, only a few were regulated by miRNA mediated cleavage and these were genotype-specific. Target recognition also appeared to be genotype-specific and miRNA mediated cleavage sites varied within the miRNA: target binding region in barley.
In this study, we examined the expression of 11 miRNAs, nine of which were previously reported to be drought responsive, in four barley genotypes adapted to low-rainfall environments. Only four of 11 studied miRNAs had significant expression differences under drought in barley, and of these only two miRNAs, miR169b and miR1432, had a consistent expression pattern in more than one genotype. Bioinformatic analysis predicted numerous targets of the candidate miRNAs. Although bioinformatic analysis has been widely used for the discovery of miRNAs and prediction of targets in recent years, there is little information available on the expression of mature candidate miRNAs and biological validation of their targets. The present study provides an important glimpse into miRNA expression, target prediction and validation and the difficulty of relying on bioinformatic predictions. Localisation of miRNAs and their targets may help improve our understanding of the involvement of miRNAs in plant drought stress responses. Though drought tolerance is a complex trait, miRNA mediated differential expression of target genes that are positive regulators of stress responses could help us to identify potential biomarkers in different genotypes under drought that would be of interest for research. Additional evidence will be required to confirm miRNA-based regulation of important genes in drought stress-responsive networks and the genotype specificity of the regulation. However, we have identified useful targets for the additional studies and evidence for genotypic variation.
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